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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
Beam welded joints made from fine grain steels show martensitic micro structure, high weld hardness and thus low 
toughness in the weld seam.  At the same time there is a risk that these welds have crack-like defects that cannot be 
detected during the production and which grow due to cyclic loading. If such structures are used in areas with low 
ambient temperatures, it may come to brittle failure of the component. 
To secure compon s against such failure, frac ure mechanic tests were carried out on electron beam welded 
SE(B)-samples made from S355NL and S960QL and the J-integral was determined. In order to describe the 
scattering of the results in the temperature transition region the results were evaluated by means of the master curve 
concept in accordance with ASTM E 1921 (2015). Afterwards the reference temperature in the transition range, T0, 
was determined and correlated with the T27J- temperature of Charpy V-notch tests. This correlation is part of an 
application concept which was used to create part 1-10 of Eurocode 3. It allows the user to ensure a safe 
construction with respect to brittle fracture using simple characteristic values (e.g. the Charpy impact strength). 
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1. Introduction 
The usage of beam weld joints has increased in the last decades due to reduced costs and increased requirements 
for high quality welds with verly low distortions that are offered by beam welds. During the beam welding process 
material is vaporized which leads to a formation of a cavity, the so-called keyhole. This keyhole allows the electron 
beam (EB) to penetrate deep into the workpieces and create weldments with thicknesses up to 200 mm in steel 
sheets. This process-related feature leads to high aspect ratios in beam welded joint, which means that their width is 
compared to their depth relatively low. Elmer et al. (1990), Lancaster (1984) 
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An additional feature of electron beam welding is the high welding speed, which causes, combined with the 
relatively low energy input per unit length, rapid cooling rates. These rapid cooling rates cause martensitic 
microstructure in the weld seam of structural steels. Martensitic microstructure is associated with high hardness and 
low material toughness leading to a higher risk of brittle fracture. As Feldmann (2010) pointed out, the risk of brittle 
fracture increases when the following conditions are met:  
 low ambient temperatures,  
 cracks due to the production process which may grow with cyclic loading during the use of the component until 
they reach a critical length and 
 stresses from external or internal constraints.  
As all of these conditions may be fulfilled for electron beam welded components, brittle fracture has to be 
investigated.  
 
Nomenclature 
a0 length of pre-crack in mm 
B specimen thickness in mm 
BM base metal 
CPD crack path deviation 
EB electron beam 
HV Vickers hardness 
JIC J-integral at the onset of cleavage fracture in N/mm 
KJC elastic plastic stress intensity factor at the onset of cleavage fracture in MPa√m 
SE(B) single edge bend specimen 
T100 temperature at which the material toughness takes a value of 100 MPa√m, also known as T0 
T27J  the temperature at which the Charpy energy is 27 J 
t8/5 cooling time from 800 °C to 500 °C in s 
W specimen width in mm 
WM weld metal 
2. Fracture behavior of beam welded steels 
2.1. Charpy toughness testing 
The fracture characterization of beam welds with the help of Charpy V-notch impact tests is difficult due to the 
narrow fusion zones and the high mismatch ratio (yield strength of weld seam / yield strength of parent metal). 
Under certain conditions crack path deviation (CPD) occurs and the crack propagates through the base metal making 
it impossible to measure toughness values of the weld seam. Three characteristic modes of failure can be observed 
in beam welded joints with narrow fusion zones as Nagel et al. (2002) pointed out:  
 Brittle fracture within the weld seam: This failure mode emerges in particular at rather low temperatures which 
are associated with the lower shelf of the Charpy transition curve. The stresses during the test at the notch exceed 
the critical cleavage stress and thus a failure within the weld seam is initiated.  
 Crack path deviation into the fusion line: The fusion line is located relatively close to the notch so that the stress 
state in this region is rather critical. Moreover, the plastic deformability in this area is limited due to the 
proximity of the rigid weld seam. As a result the material in the region fusion line is damage and cracks that are 
initiated at the notch and propagate into the fusion line (see left part of Figure 1). 
 Crack path deviation into the base metal: At test temperatures associated with the upper shelf of the Charpy 
transition curve the yield strength of the base material decreases. The lower yield strength leads to significant 
damages of the material in the vicinity of the fusion line leading to crack propagation into the base material (see 
right part of Figure 1). 
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This overview shows that only the first case leads to toughness values which are representative for the 
microstructure in the weld seam (“intrinsic” toughness value). The other two cases provide toughness values that are 
influenced by the conditions in the fusion line and base metal (“extrinsic” or “apparent” toughness values), 
Bezensek and Hancock (2007). Several attempts have been made to force the crack propagation into the weld path, 
shown in Nagel et al. (2002) and Golday and Nguyen (1977). None of these attempts were entirely successful so that 
utmost care has to be taken when toughness values of beam welded joints are measured using the Charpy V-notch 
impact test. The notch has to be positioned precisely in the weld seam and after testing the fracture surface has to be 
inspected for signs of crack path deviation. 
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Figure 1: Crack path deviation in Charpy V-notch specimen into fusion zone (left) or base metal (right); (WM=weld metal, BM= base metal), 
Nagel et al. (2002) 
2.2. Fracture mechanics tests 
Similar to the performance during Charpy testing beam welded joints can show crack path deviation when tested 
at relatively high temperatures, as shown in Cam et al. (1999) or Sumpter (1996). Testing in the ductile-brittle 
transition region may lead to crack propagation in the weld line if the crack starter notch was already placed in the 
weld line, as shown in Andrich (2004) and Bezensek and Hancock (2007). While several standards deal with the 
fracture mechanic testing of base metals (e.g. ASTM E 1820 (2015)) or arc welded specimen (e.g. 
ISO 15653:2010 (2010)) there are no specific standards that cover the fracture mechanic testing of beam welded 
joints. This condition is caused by the complexity of the interactions between the hard weld seam and the parent 
plate. To carry out fracture mechanics test on beam welded joints in practice the above mentioned standards are used 
and careful investigations of the fracture location are supplemented. 
2.3. Correlation of Charpy energy to fracture toughness parameters. 
From a practical point of view a correlation between characteristic Charpy energy values and fracture toughness 
parameters is desirable. While such correlations are even the basis of standards defining material toughness 
conditions (e.g. DIN EN 1993-1-10 (2010)) other authors Anderson (2005) criticize the reliability of such 
correlations. Reasons for criticism are the different notch geometries, the small sizes of Charpy specimen leading to 
lower constraints and the different loading rates during testing. Nevertheless, extensive investigations that were 
carried out to establish the recommendations in DIN EN 1993-1-10 (2010) shown in Stranghöner et. Al (1997) could 
proof the reliability of the so-called modified Sanz correlation for structural steels and arc-welded structural steels 
with yield strengths up to 890 MPa. The modified Sanz correlation relates the temperature at which the Charpy 
energy reaches 27 J (T27J) with the temperature at which the material toughness takes a value of 100 MPa√m (T100): 
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The correlation could be verified in first investigations for laser beam welded structural steels with yield 
strengths between 460 MPa and 890 MPa in Andrich (2004), the present study extends the investigations on electron 
beam welded structural steels with yield strengths between 355 MPa and 960 MPa. 
3. Material characterization and testing procedure 
The investigations were carried out with three structural steels: the mild steel S355NL was chosen as a typical 
representative for commonly used structural steels, while S690QL and S960QL are high-strength quenched steel 
grades. The chemical composition of all three steels is given in Table 1. 
Table 1: Chemical composition of the investigated steels determined by spectral analysis 
 C 
[in%] 
Mn 
[in%] 
Si 
[in%] 
S 
[in%] 
P 
[in%] 
Ni 
[in%] 
Cr 
[in%] 
Mo 
[in%] 
Nb 
[in%] 
Cu 
[in%] 
Al 
[in%] 
S355NL 0.18 1.21 0.35 <0.001 0.004 0.222 <0.001 0.003 0.021 0.208 0.050 
S690QL 0.19 1.30 0.37 <0.001 0.017 0.230 <0.001 0.004 0.041 0.220 0.048 
S960QL 0.15 1.50 0.34 <0.001 0.009 0.040 0.243 0.043 0.028 0.022 0.063 
 
The specimens were electron beam welded parallel to rolling directing with the parameters given in Table 2. To 
provide welds with dimensions common in practical applications an oscillating beam with an oscillation width of 
1.3 mm was chosen. Temperatures during welding were measured and t8/5-times (cooling time from 800 °C to 
500 °C) of 1.6 s were recorded.  
Table 2: Electron beam welding parameters 
Voltage 
[kV] 
Beam current 
[mA] 
Welding speed 
[mm/s] 
Sheet thickness 
[mm] 
Beam oscillation width 
[mm] 
120 35 10 10 1.3 
 
Macrosections and hardness measurements were taken after welding. A representative macrosection is given in 
the left part of Figure 2. Hardness measurements, taken in mid-thickness position of all three steels, are presented in 
the right part of Figure 2. The specimens all showed martensitic microstructure in the weld seam.  
 
 
 
Figure 2: Macrosection of electron beam welded S960QL (left) and hardness measurements in mid-thickness position after welding (right) 
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With hardness values of 454 ± 6 HV1 the weld metal of the S355NL showed the highest values compared to the 
welds made from S690QL with 410 ± 7 HV1 and the ones made from S960QL with 421 ± 5 HV1. Comparing those 
values to the hardness of the base metal it can be concluded that the S355NL specimens show a significant higher 
mismatch ratio than the other two steels. 
Specimens for Charpy toughness testing and fracture testing were taken transverse to the weld seam, as specified 
in the left part of Figure 3. In a first step both specimen types were produced with additional length. After defining 
the position of the weld seam by etching, the notch was positioned in the middle of the weld seam and the specimens 
were shortened to the final length.  
For the Charpy toughness transition curves standard Charpy V-notch specimen according to ISO 148-1 (2009) 
were used. For the fracture mechanics tests single egde bend specimen (SE(B)) with a thickness of 10 mm and a 
width of 20 mm were chosen. A crack starter notch of 8 mm length was wire cut eroded and afterwards the specimen 
were fatigue pre-cracked to a total crack length a0 of approximately 10 mm leading to an a0/W-ratio of ~0.5. After 
pre-cracking the specimens were side grooved with a thickness reduction of 0.2 B (2 mm) to prevent crack path 
deviation during testing and to ensure a straight crack front.  
 
  
Figure 3: Position (left) and dimensions (right) of fracture toughness specimens 
Fracture mechanic test temperatures were determined after preliminary tests to confirm a failure in the ductile-
brittle transition region. This temperature region allows the transformation of the elastic plastic J-integral at the 
onset of cleavage fracture JC into the plastic stress intensity factor KJC as shown in equation 2 if certain boundary 
conditions are met, ASTM E1921 (2015): 
 (2) 
The fracture mechanic tests were performed at -40 °C for the welds made from S355NL, at -35 °C for the welds 
made from S690QL and at -11 °C in case of the S960QL. As six to eight valid data points for each steel grade were 
generated, sufficient data was available to create a master curve according to ASTM E1921 (2015). The master 
curve allows the prediction of toughness properties and tolerance bounds in the ductile-brittle transition region. It is 
based on the fact that the shape of the fracture toughness curve was found to be similar for steels with yield 
strengths up to 890 MPa. The only parameter that changes is the position on the temperature axis so that a 
characteristic temperature is defined that describes this position. Usually the T100-temperature (also called T0-
temperatur) is used for this purpose. At this temperature the medium fracture toughness is 100 MPa√m in a 
specimen with a thickness of 25 mm and a failure probability of 50%. After testing macrosections of all specimens 
were taken to ensure that fracture occurred in the weld. 
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the position of the weld seam by etching, the notch was positioned in the middle of the weld seam and the specimens 
were shortened to the final length.  
For the Charpy toughness transition curves standard Charpy V-notch specimen according to ISO 148-1 (2009) 
were used. For the fracture mechanics tests single egde bend specimen (SE(B)) with a thickness of 10 mm and a 
width of 20 mm were chosen. A crack starter notch of 8 mm length was wire cut eroded and afterwards the specimen 
were fatigue pre-cracked to a total crack length a0 of approximately 10 mm leading to an a0/W-ratio of ~0.5. After 
pre-cracking the specimens were side grooved with a thickness reduction of 0.2 B (2 mm) to prevent crack path 
deviation during testing and to ensure a straight crack front.  
 
  
Figure 3: Position (left) and dimensions (right) of fracture toughness specimens 
Fracture mechanic test temperatures were determined after preliminary tests to confirm a failure in the ductile-
brittle transition region. This temperature region allows the transformation of the elastic plastic J-integral at the 
onset of cleavage fracture JC into the plastic stress intensity factor KJC as shown in equation 2 if certain boundary 
conditions are met, ASTM E1921 (2015): 
 (2) 
The fracture mechanic tests were performed at -40 °C for the welds made from S355NL, at -35 °C for the welds 
made from S690QL and at -11 °C in case of the S960QL. As six to eight valid data points for each steel grade were 
generated, sufficient data was available to create a master curve according to ASTM E1921 (2015). The master 
curve allows the prediction of toughness properties and tolerance bounds in the ductile-brittle transition region. It is 
based on the fact that the shape of the fracture toughness curve was found to be similar for steels with yield 
strengths up to 890 MPa. The only parameter that changes is the position on the temperature axis so that a 
characteristic temperature is defined that describes this position. Usually the T100-temperature (also called T0-
temperatur) is used for this purpose. At this temperature the medium fracture toughness is 100 MPa√m in a 
specimen with a thickness of 25 mm and a failure probability of 50%. After testing macrosections of all specimens 
were taken to ensure that fracture occurred in the weld. 
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4. Experimental results 
  
  
  
Figure 4: Charpy toughness curves for beam welded steels (left) and master curves defined with the help of fracture mechanics tests (right), 
diagrams on top: S355NL, diagrams in the middle: S690QL, diagrams at the bottom: S960QL 
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The results of the Charpy transition curves for the beam welded steels are shown in the left part of Figure 4. It 
can be noted that it was not possible to cause failure in the weld seam made from S355NL and crack path deviation 
into the fusion line occurs even at comparable low temperatures (see top left diagram in Figure 4). This is reasoned 
by the high mismatch ratio of the S355NL-welds. The other welds, made from S690QL and S960QL (shown in the 
middle left part and bottom left part of Figure 4) only show CPD at higher temperatures, at lower temperatures the 
crack stays in the weld seam making it possible to determine intrinsic T27J-values for these steels. The T27J-value for 
the S690QL welds is T27J = -38 °C while the T27J-value was determined to be T27J = -10 °C for the S960QL welds.  
The right part of Figure 4 shows the results for the fracture mechanic tests presented as master curves. The 
experimental results of both steels show comparatively low scattering, due to the fact that all specimens showed 
failure within the weld seam. The position of the failure was proven with the help of macrosections. An example for 
the failure position of each steel grade is shown in the right part of Figure 5. The conditions during the fracture tests 
of the samples made from S355NL lead to failure in the weld seam despite the fact that it was not possible during 
the Charpy toughness testing of the S355NL specimens to induce failure within the weld seam  
For all three data sets the T100-temperature could be determined. The T100-temperature for the S355NL specimens is 
T100 = -17 °C, for the S690QL it could be found that T100 = -26 °C and for the S960QL specimen T100 = -6 °C. Due to 
the martensitic microstructure in the weld seam the T100-temperatures are higher than T100-temperatures of 
comparable arc-welded specimens.  
Nevertheless, if the acquired values are inserted into the Sanz correlation (equation 1) it shows, that the data point 
for the S690L and the S960 specimens lie between the 1σ- and the 2σ-deviation line. The Sanz-correlation could not 
be applied for the S355NL specimens owing to the fact that an intrinsic T27J-value could not be determined.  
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Figure 5: Sanz correlation (left) and positions of failure within the welds seams (right) 
5. Discussion 
Fracture mechanic tests were carried out on electron beam welded specimen made from S355NL, S690QL and 
S960QL. Charpy transition curves were determined and the modified Sanz-correlation was examined. The major 
findings of the presented work are: 
 In electron beam welds with high mismatch ratios (S355NL) crack path deviation can be found during Charpy 
toughness testing so that intrinsic Charpy toughness value cannot be determined for such welds. In this case the 
T27J-temperature may not be used in correlations (e.g. the modified Sanz correlation). 
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 The different circumstances in Charpy V-notch specimen and fracture mechanics specimen (blunt notch vs. 
fatigue cracked notch, lower constraint due to the size in Charpy specimen and different loading rates) lead to 
different behaviours concerning crack path deviation. While crack path deviation was observed in Charpy 
specimen (e.g. even below -120 °C for the S355NL specimen) fracture testing at comparatively higher 
temperatures (-40 °C) show failure within the weld seam. Therefore failure behaviour during Charpy testing may 
not be transferred to failure behaviour of structural elements. 
 The sigmoidal compensation curves which are commonly used to describe the Charpy transition curve should 
not be used for beam welds due to the change in fracture behaviour. It is suggested to use separate compensation 
curves for every failure pattern investigated (failure within the weld seam, CPD into fusion line or CPD into base 
metal). 
 The modified Sanz-correlation could be verified for the investigated steels although the yield strength of the 
S960QL base material exceeded the material range that was investigated in comparable studies. As both data 
points shown in the left part of Figure 5 lie between the 1σ- and the 2σ-deviation line above the curve further 
investigations are recommended. If this trend is confirmed, a more accurate correlation should be determined for 
beam welded steels. 
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